ABSTRACT Dynamic simulations have played an important role in assessing the power system dynamic studies. The appropriate numerical model is the key to obtain correct dynamic simulation results. In addition, the appropriate model including the selection of the individual model component (such as protections, controls, and capabilities) is different depending on the type of phenomena to be observed or examined. However, the proper selection of the model is not an easy task, especially for inverter-based generators (IBGs). Considerable industry experience concerning power system dynamic studies and the dynamics of the IBGs is required for the proper selection of the IBG model. The established CIGRE C4/C6.35/CIRED joint working group (JWG) has gathered a wide variety of experts, which fully cover the required industry experience. The JWG provides the guidance on the model selection for analyzing the phenomena, such as frequency deviation, large voltage deviation, and long-term voltage deviation, individually. This helps to reduce the computational burden, as well as it clarifies the required characteristics/functions that should be represented for the power system dynamic studies with the IBGs.
I. INTRODUCTION

I
N RECENT decades, inverter-based generators (IBGs) such as modern wind turbine generators (WTGs) and photovoltaic (PV) systems, have spread around the world in response to the commitment by numerous governments to increase renewable energy production to deal with global warming and other environmental concerns. In the past, the dynamics and resulting security margins of power systems were largely determined by the characteristics of (large) synchronous generators connected at the transmission system level, whereas nowadays, the impact of IBGs and their specific characteristics can no longer be ignored.
While the penetration level of IBGs was low, their impact on power system security and performance was negligible. In contrast, transmission system operators (TSOs) and distribution system operators (DSOs) today are facing operational situations where the penetration of IBGs is exceeding 50%. A number of power systems are at times operating with over 60% of the instantaneous load demand being supplied from IBGs. The increasing penetration of IBGs will affect the resilience of networks to withstand a wide range of contingency events with different levels of probability if they are not integrated appropriately. This is in part due to the displacement of conventional large synchronous generators and their stabilizing controls. Many existing IBG technologies do not provide the same characteristics that synchronous generators have traditionally contributed to the power system, including inertia and significant fault current provisions. This has driven some grid codes to now require that new IBGs contribute to power system stability and operation by incorporating certain ancillary services such as voltage and frequency control.
Dynamic simulations have played an important role for many years in assessing the stability and security of power systems. Such studies are performed by power system planners and operators by means of numerical models and their associated software products. To do so, tailored dynamic models representing all critical elements in the power system are developed, with model complexity adjusted to account for the physical phenomena being investigated. Models for synchronous generators and their associated controls have been developed over many years and are well understood. In comparison, a limited number of available generic models can be used to represent the various types of IBGs, especially mini and micro installations that represent a growing percentage of embedded (distributed) generation. Industry research indicates that wind and PV generation is very likely to be modelled by utilities and system operators for power system dynamic studies with 76% and 67%, respectively [1] . However, 35% of utilities and system operators still use negative load models to represent IBGs in power system dynamic studies [2] . According to the research results, the reasons for this approach are:
• Lack of well-defined model requirements for IBGs for specific power system phenomena.
• Limited access to well-validated, detailed IBG models.
• Lack of widely accepted generic IBG models and associated parameters.
• Lack of grid code requirements.
• Lack of information about the power system at the lower voltage levels associated with distribution and sub-transmission networks.
• Lack of an accepted (agreed) methodology for the aggregation of distributed IBGs.
• Insufficient knowledge and experience in the practical operation of IBGs in the power system. It is noted that the negative load models may be used when the penetration level of IBGs is very low and the impact of IBGs on the dynamic performance of the system is negligible.
Significant efforts have been made in the past by modeling experts to establish generic root mean square (RMS) type models through such organizations as the International Electrotechnical Commission (IEC) in Europe and the Western Electricity Coordinating Council (WECC) in North America.
The activities were mainly focused on the development of generic models for WTGs [3] - [5] . However, these generic models are not yet widely applied, especially in Europe. The CIGRE and CIRED JWG Modeling and dynamic performance of inverter based generation in power system transmission and distribution studies [6] was established in 2014 gathering a wide range of experts who fully covered the required industry experience for developing a set of recommendations for modeling IBGs, with the focus on photovoltaic systems. This paper has cataloged the components and functions that need to be included in the IBG model, depending on the power system phenomena being studied. In total, twenty-five functions are classified into three IBG categories, i.e., control, protection and capability. The paper provides a reasonable indication of the relevance of each function for different types of power system stability studies. The necessity of each function is examined for the following five power system phenomena that are of common interest to system operators:
• Frequency deviations • Large voltage deviations (associated with transient network faults)
• Small and long-term voltage deviations (smaller magnitude but longer duration of changes in network voltage)
• Small signal analysis (oscillatory stability and damping studies)
• Unintentional islanding events The rest of the paper is organized as follows. Section II introduces the functions of IBGs that need to be modeled for frequency and voltage deviations. The modeling requirements for IBGs investigating unintentional islanding are described in Section III. Conclusions are presented in Section IV.
II. NECESSARY FUNCTIONS OF IBGS FOR FREQUENCY DEVIATION, VOLTAGE DEVIATIONS AND SMALL SIGNAL ANALYSIS
The paper also discusses how certain functions may be crucial for performing one type of study but can be reasonably neglected when performing another type of study. A selection of representative power system dynamic studies is provided in Table 1 to demonstrate how certain power system phenomena interact. For example, large voltage deviations are relevant when considering short-term voltage stability, transient stability and low voltage ride-through (LVRT) or high voltage ride-through (HVRT) studies and there might be an overlap between these issues depending on the characteristics of the power system being considered.
The necessity of each model component is discussed, with focus on the impact that omitting certain functions may have when performing specific types of studies. Secondary model components, that is, components that need not be modeled, are also identified in the paper. It is noted that as long as the dynamic behavior of the IBG is sufficiently accurate for the type of phenomenon being studied, applying appropriate simplifications that exclude secondary components can help to reduce the computational burden when performing simulations.
The characteristics of IBGs are used to extract the necessary functions of the IBG model components, which can be classified into three categories (see Table 2 ):
• Control: denotes the internal control of the inverter which is performed at a local level.
• Protection: denotes the protection relay for the inverter. The grid protection relay for the inverter is also included. The control for protecting the internal devices is also categorized as a protection function.
• Capability: denotes the grid-friendly control or the control that has the ability to improve the grid stability. Small signal analysis is not explicitly shown in Table 2 (see footnotes e) and the three functions are merged in Table 2 (see footnotes g).
The paper lists the relevant phenomena simulated in power system dynamic studies and provides the functions that should be considered for each type of phenomenon. The list of phenomena and the list mapping to the type of studies are presented in Table 1 . The types of studies shown in Table 1 are based on the classification in [7] .
A. FUNCTIONS IN THE CATEGORY: CONTROL 1) DC SOURCE CONTROL
DC source control is necessary for large voltage deviations at the DC link. If a system fault occurs and the voltage level is extremely low, the valve device in the inverter could be blocked, which is known as valve device blocking [8] or interruption of current injection [9] . In such a case, the DC voltage will rise because the DC source continues to provide DC current, while the AC current is controlled to zero. This could cause an overvoltage in the DC link and would trigger the DC over voltage protection. Without this DC overvoltage protection model, the simulated response of the active and reactive power can be different from the actual measured response.
2) PHASE LOCKED LOOP (PLL)
PLL control is necessary for large voltage deviations at the DC link. When large voltage deviations occur, the bus voltage angle could quickly and significantly change. Such an immediate jump of the voltage angle could delay tracking the voltage angle change at the point of interconnection. Such a time delay coming from the response speed of the PLL could result in undesirable transient positive or negative active or reactive power variations. Meanwhile, state-ofthe-art IBGs may have very short time delays. The change in active and reactive power of the IBGs following system faults can affect the critical area exchange or the maximum power transfer with respect to transient stability or shortterm voltage stability. Furthermore, the detailed PLL control block is usually modeled using the EMT model, and the simplified control block that approximates the PLL behaviour is normally modeled using the RMS model [10] because the assumption that the IBG model can be represented only by a current source can be justified by the fact that converter control is much faster than the dynamics/transients of interest.
3) CURRENT CONTROL
Current control is necessary for large voltage deviations at the DC link. The converter model is simplified to a current controller model that generates the desired currents. The electrical controller of this type of model only extracts the essential component of a more detailed electrical controller, i.e. a decoupled active and reactive power controller via current control. The controller has a double-loop structure. The outer loop uses the active power and reactive power references to generate the respective d-axis and q-axis current references for the inner loop. The inner loop regulates its current output to the respective current reference. In both control loops, PI controllers are usually used. It is often the case that the inner current control loop is also omitted in the RMS model mainly because the current control is most likely to be completed in the time step of the RMS simulation. Such a model is less complex than the detailed generator/converter and electrical control model; however, it focuses on the fundamental characteristics of the converter outputs and has been widely applied in many engineering projects for bulk power system dynamic studies.
4) MAXIMUM POWER POINT TRACKING (MPPT)
MPPT is necessary for frequency deviations and long-term voltage deviations. The simulation time for frequency control and stability studies can be split into three different time scales: i) less than 30 seconds, ii) longer than 5 minutes, and iii) longer than 10 minutes. The first one is to examine the frequency nadir and the settled frequency in the case of a generator tripping. The second one is to examine the peakto-peak value of the frequency fluctuation in a small isolated system. The third one is to examine long-term voltage deviations. When ii) and iii) need to be examined, the change in the MPPT signal needs to be considered for this type of phenomenon. This is because the solar radiation cannot be assumed to be constant for the aforementioned time scale. However, the use of the MPPT model element is not always necessary because the control response speed is fast enough VOLUME 5, NO. 1, MARCH 2018 for the long-term dynamics. Therefore, the change in MPPT signal may be modeled as a change in the active power reference itself.
B. FUNCTIONS IN THE CATEGORY: PROTECTION 1) REDUCTION OF MAXIMUM INVERTER CURRENT WHEN THE DC VOLTAGE OVERCOMES A CERTAIN LIMIT; AND DC OVER VOLTAGE PROTECTION
Refer to the descriptions for DC source control in Section II-A1.
2) LIMITATION OF INVERTER CURRENT'S VARIATION RATE AFTER A FAULT
This protection is necessary for large voltage deviations. The rate of current variation needs to be designed to be below the maximum permissible value of the inverter switching devices. It is often set by selecting appropriate values for the inductance in the main circuitry and therefore it is by design a constant. In some systems, an adjustable current variation rate exists, which can be implemented within the current control loop to protect the switching devices from excessive current stresses. When a short-circuit occurs in the power system, excessive current will flow through the switching devices, resulting in extra stress on the devices. If the temperature at the junctions of the switching devices rises higher than the fixed internal threshold with hysteresis, the current variation rate will be reduced for a certain length of time to protect the switching devices.
Because the operation of this type of protection will lead to the massive disconnection of IBGs, this could affect the critical area exchange or the maximum power transfer with respect to transient stability or short-term voltage stability.
3) CURRENT LIMIT
This protection is necessary for all phenomena. When the frequency drops, it is desirable for any generator to increase its active power output to mitigate the frequency nadir. On the other hand, the active and reactive power output of the IBG is limited by the maximum current. Therefore, the increasing amount of active power output of the IBG during the frequency drop might be limited not only because there is no available headroom, but also because the allowable current from the IBG is limited. This means that the different logic for the limitation of the current could lead to a different increasing amount of the active power output. It will also result in a different dynamic frequency response. Therefore, the current limit needs to be modeled for the frequency deviation.
In the case of small isolated systems, the number of synchronous operating units could dramatically decrease due to the integration of IBGs. For example, consider two synchronous operating units in a small isolated system. When one of the two units is disconnected from the grid, not only does a significant frequency drop occur, but a significant voltage drop also occurs. If the IBGs generate less than 100% (of the rated current), say 70%, their active power output may be assumed as constant. Conversely, if the IBGs are operated at almost 100%, their active power output cannot increase and will decrease when the terminal voltage of the operating unit drops, which will cause a larger frequency drop.
When the voltage drop is significant, the active or reactive power output of the IBG can increase quickly. This means that the current of the IBG is more likely to hit its limit and the active or reactive power of the IBG will be restricted so as to control the current of the IBG within a permissible range. It should be noted that the dynamic behavior of the active and reactive power of the IBG could be different because the control scheme can vary depending on the IBG and the grid code. The possibility of hitting the current limit also depends on the initial current of the IBG, i.e., the pre-fault current. If the initial current of the IBG is high, the recovery of the active power or the increase in reactive power is more likely to be limited, which would result in a different critical area exchange or a different maximum power transfer and therefore could affect transient or short-term voltage stability.
When the power system is about to experience long-term voltage instability, any significantly low voltage at a system bus must be monitored. Extremely low voltages could lead to a current limitation of the IBG due to a high current injection.
4) OVER/UNDER VOLTAGE PROTECTION
This protection is necessary for voltage deviations. If a system fault occurs and if the fault duration is long, the under voltage protection for both loads and IBGs is likely to trip. After the fault is cleared voltage recovery may be of a long duration (e.g. due to the massive induction motor loads) and the under voltage protection is likely to trip. The dynamic reactive power (current) support of the IBGs could cause a significant voltage rise after the fault is cleared [11] . The selfdisconnection of loads [12] with the active power recovery of the IBGs could also cause a significant voltage rise after the fault is cleared [13] . Such significant voltage rise is most likely to trip the overvoltage protection, which would lead to different critical area exchange or different maximum power transfer and hence could impact transient or short-term voltage stability.
When the power system is about to experience long-term voltage instability, any significantly low voltage at a system bus must be observed. Extremely low voltages could trip the undervoltage protection.
5) OVER/UNDER FREQUENCY PROTECTION
This protection is necessary for frequency and large voltage deviations. The large integration of IBGs could cause a larger undesired frequency nadir especially in the case of a small electrical island or the loss of a large generation unit. This could lead to tripping of the over/underfrequency protection. In addition to this relay operation, automatic reconnection should also be considered.
If a large power plant is connected to the main grid via a transmission line and a short-circuit occurs on that transmission line, not only could a large voltage deviation occur, but a significant frequency deviation could also occur. When massive amounts of residential and utility-scale IBGs, with improperly designed LVRT/HVRT capability and/or PLL, disconnect following a system fault, significant frequency drops can be observed [9] . If loads are disconnected due to the underfrequency load shedding scheme, an overfrequency could also occur. Therefore, the over-or underfrequency protection might operate in the case of large voltage deviations with a high penetration of IBGs.
6) PROTECTION FOR DETECTING BALANCED FAULTS; PROTECTION FOR DETECTING UNBALANCED FAULTS; AND PROTECTION FOR DETECTING SINGLE-LINE-TO-GROUND FAULTS
This protection may be used for large voltage deviations. The decrease of short-circuit power in the system, due to the smaller fault current contributions of IBGs compared to synchronous generators, could be a future issue and such protection needs to be modeled to examine the successful relay operation.
7) RATE OF CHANGE OF FREQUENCY (ROCOF) TRIPPING: MONITORING THE FREQUENCY VARIATION RATE AND DISCONNECTING THE INVERTER WHEN IT REACHES A CERTAIN LIMIT
ROCOF tripping should be modeled for frequency deviations and large voltage deviations. The large integration of IBGs could cause a larger undesired frequency nadir especially following a significant increase/decrease in load or generation.
The frequency is normally measured using the bus voltage. When a system fault occurs, the bus voltage angle could immediately shift to a different voltage bus angle [9] . Such a ''jump'' of the voltage angle could also cause a significantly large ROCOF value. To avoid the undesirable ROCOF relay operation, a filter may be used. However, this can result in slower operation of the ROCOF relay in the case of a real frequency drop. The ROCOF tripping is closely related to frequency deviations. However, frequency instability could occur together with transient instability through the high penetration of IBGs. Therefore, the ROCOF relay might operate due to the large voltage deviation with a high penetration of IBGs. 
8) VECTOR JUMP
This protection is necessary for frequency and large voltage deviations. The vector jump method is a typical passive antiislanding protection scheme. The fundamental principle is to detect the islanded condition via a change in the voltage phase. Generally, one of the assumed triggered events for frequency deviations is a generator tripping. Not only the generator tripping but also the disconnection of IBGs and the interruption of their current injection can be the triggering event. As shown in Fig. 1a , when the active power flow changes dramatically without a significant change in the system voltage, the angle between two buses can exhibit the step change δ 2 when the generator trips:
Such an immediate angle change can cause undesired vector jump operation and the disconnection of IBGs, which could lead to a further frequency drop. It is highly possible that the voltage phase angle will jump to another voltage phase angle when the network is split into multiple grids. On the other hand, the voltage phase angle could jump due to a change in the network configuration although the network is not separated. A typical change in the system configuration is during a system fault that has a large voltage deviation, i.e., when the system fault occurs and when the system fault is cleared. As mentioned earlier, the voltage phase angle jump can lead to a significant change in frequency seen by the IBG, which could lead to disconnection of the IBG [9] . Hence, such disconnection of IBGs may be represented by the vector jump protection as well as the over/underfrequency protection.
9) ANTI-ISLANDING ACTIVE DETECTION METHOD
The anti-islanding active detection method should be modeled for all phenomena. Anti-islanding active detection methods intentionally inject negative/positive reactive power into the network, which assists the growing frequency change/deviation when the designated system is isolated from the main grid. A small proportion of anti-islanding active detection methods utilize the GPS signal or system frequency for determining the control signal for the positive/negative reactive power injection. IBGs that are equipped with such anti-islanding active detection methods could inject positive/negative reactive power in synchronization with each other. Due to the voltage sensitivity of loads, an increase in voltage caused by an increase in reactive power via the anti-islanding protection method, will lead to an increase in the active power consumption of loads and a further system frequency drop.
Moreover, a frequency change that is derived from the bus voltage can also occur when the voltage magnitude changes due to the reactive power injection, no matter how sensitive the load is to voltage. As shown in Fig. 1b , when the small reactive power injection from the IBG does not have the ability to change the connected bus voltage, a voltage phase angle change occurs:
Therefore, if a positive reactive current is injected in the case of a frequency drop, a further system frequency drop could occur. On the other hand, if the penetration of IBGs is very high and if the cumulative reactive current injection from the distributed IBGs has ability to change the voltage magnitude, a negative reactive current injection during the voltage dip could lead to a further voltage drop (in short-term and long-term).
It should be noted that the anti-islanding active detection method is not widely used around the world and such a model does not need to be modeled for an IBG that is not equipped with the anti-islanding active detection method.
C. FUNCTIONS IN THE CATEGORY: CAPABILITY 1) FREQUENCY CONTROL BY MEANS OF ACTIVE POWER
This capability is necessary only for frequency deviations. The increased utilization of tie-lines is encouraged in terms of increased integration of renewable energies. The increased tie-line power flow could lead to more significant frequency increases/decreases after a power system is split into two subsystems due to tie-line tripping. A frequency rise in the system could lead to the disconnection of a large amount of IBGs due to the overfrequency protection. On the other hand, the tripping of this large amount of generation can lead to a frequency drop and therefore a disconnection of load due to the underfrequency load shedding scheme. To overcome this problem, IBGs can control the frequency by means of active power, i.e., reduce their active power feed-in during overfrequency, or increase their active power feed-in during underfrequency. Hence, this function can play an important role when the power system experiences a significant frequency change. In this context, the following topics are addressed:
• Modeling the primary power source control (if existing) including maximum range and gradients (for frequency rise/drop)
• Modeling the optional storage devices including charging management (for frequency rise/drop)
• Modeling the power reserve in the case, where the IBG is operated at a point below the maximum power point in order to allow primary frequency control (for frequency drop only).
2) VOLTAGE CONTROL BY MEANS OF REACTIVE POWER
This capability is necessary for all phenomena. Furthermore, it is generally required for the steady-state condition. Therefore, the dynamic reactive power (current) support during fault conditions is not included in this capability. Although, the dynamic behavior is not directly related to this capability, the pre-fault active and reactive power feed-in of the IBG can affect the fault-on and post-fault dynamic behavior of the IBG output. This could indirectly change the dynamic frequency response of the system. Furthermore, this behavior could also result in a different critical area exchange or a different maximum power transfer, which would affect the rotor angle and short-term voltage stability. In general, this voltage control is intentionally set as slow as possible in order to coordinate with other voltage controllers, such as tap changers and reactive power compensators. Therefore, the operation of the voltage control by means of reactive power of IBGs can play an important role when the power system experiences long-term voltage instability.
3) VOLTAGE CONTROL BY MEANS OF ACTIVE POWER
This capability is necessary for voltage deviations. Voltage control by means of active power is commonly used for residential PV systems. The IBG reduces its active power when the voltage exceeds the threshold value, e.g., 1.09 p.u. If a significant voltage dip occurs in the grid, induction motors might stall and loads could be disconnected from the power system. A large amount of self-disconnected loads can cause a voltage rise. The control speed of this type of voltage control is slow and the reduction of active power output from PV systems is in the order of tens of seconds to a minute. Therefore, transient stability could be affected by voltage control by means of active power if the simulation time considers the aforementioned study period.
Without large voltage deviations, voltage control by means of active power can be considered when the load decreases and/or the PV system output increases in the steady state. Therefore, voltage control by means of active power can play an important role when the power system experiences longterm voltage instability.
4) SYNTHETIC INERTIA
This capability is necessary for frequency and large voltage deviations. As mentioned earlier, the displacement of synchronous generators by IBGs could cause a reduction of the system inertia. According to the power swing equation, the lower inertia will increase the change in rotor angle speed for the same mismatch between mechanical and electrical power. The increase in the ROCOF could endanger the frequency stability. IBGs will not exhibit inertia-like behavior per se [14] , [15] . While some of the prime movers could deliver inertia, it is not certain that the IBG can provide it, because it would require a modification of the control [16] . However, assuming an appropriate control scheme of the inverter and (limited) energy storage capability, synthetic inertia can be provided to the grid. The potential solutions that can be used are:
• Installation of energy storage devices, e.g., large flywheel generators or flywheel coupled synchronous compensators.
• Adoption of alternative approaches to detect electrical islands and ensure that the main equipment is robust against ROCOF.
• Operation of PV systems below the maximum power point.
• Modification of the control of IBGs to provide synthetic inertia, which can be done by a change in active power output during frequency deviations. This is the approach that has been followed by Hydro Quebec [17] . This technology is recognized as fast frequency response (FFR) and closed-loop inertia-based FFR has been commercially available for many years [18] . However, its practical use is still being discussed and requires careful examination and implementation [16] . Rotor angle stability consists of two elements: i) synchronizing torque in phase with rotor angle deviations, and ii) damping torque in phase with speed deviations [7] . The damping torque can be expressed as:
where: M denotes system inertia, D denotes damping torque, The damping torque includes the system inertia M , which means the system inertia can affect the damping torque and therefore the rotor angle stability. Because the power swing oscillations caused by large voltage deviations can change with and without synthetic inertia, it could also influence the critical area exchange or the maximum power transfer with respect to the rotor angle and short-term voltage stability.
5) RATE OF CHANGE OF FREQUENCY (ROCOF) IMMUNITY
This capability is necessary for all phenomena. ROCOF immunity is equivalent to frequency ride-through, i.e., low and high-frequency ride-through. If the ROCOF setting for the ROCOF immunity is the same as the relay setting for the ROCOF protection (see Section II-B7), the ROCOF immunity model is not necessary. On the other hand, it is more likely that the relay setting for ROCOF protections could change depending on the location. In such a case, the ROCOF immunity needs to be modeled independently.
6) LOW VOLTAGE RIDE-THROUGH (LVRT) AND HIGH VOLTAGE RIDE-THROUGH (HVRT)
This function is necessary for large voltage deviations. The LVRT characteristic clarifies a zone where IBGs have to stay connected to the grid during grid disturbances depending on the duration and depth of the voltage sag. IBGs may trip if the voltage is outside the zone. The most conservative way from the viewpoint of stability is to trip the IBGs when the voltage is outside the zone. Thus, the LVRT characteristic is most likely to be represented as an under voltage protection with different settings for time delays and voltage thresholds. These protection settings ensure LVRT and HVRT capability. Although, different manufacturers have different control strategies for active and reactive power during the fault-on period, there are common principles. In general, when the voltage drops, the IBGs will reduce their active power output. In some countries, the active power output is not allowed to be zero during the fault unless the residual voltage is below the threshold value, e.g., 0.2 p.u. Hence, the IBG is allowed to temporarily stop the current injection when the residual voltage is extremely low. In other countries, the active power output is allowed to be zero, while the reactive power output is required to increase. When modeling the FRT characteristics, it is important to set up-to-date undervoltage limits according to the information provided by the manufacturer or the grid code requirements.
Because the dynamic behavior of the IBG output following faults can significantly change with and without the LVRT/HVRT characteristics, it could also affect the critical area exchange or the maximum power transfer and therefore the transient and short-term voltage stability.
7) REACTIVE POWER CONTROL IN RESPONSE TO FAST AND LARGE VOLTAGE VARIATIONS
This function is necessary for large voltage deviations. It is typically known as dynamic reactive power (current) support or dynamic voltage support. As mentioned in Section II-C6, this capability supports the voltage during and following faults by injecting reactive current and reducing active current. Such dynamic voltage support can change the critical area exchange or the maximum power transfer and therefore influence transient and short-term voltage stability. The current limit function is closely related to this function during large voltage variations because the active and/or reactive currents are more likely to hit their limit during large voltage deviations. In such a case, the inverter control modes such as active power priority and reactive power priority play an important role in how the active and/or reactive current hits the current limit, through which the different dynamic behavior of the active and reactive power of IBGs can affect the power system dynamic stability.
8) POWER OSCILLATION DAMPING (POD)
This function is necessary for frequency and large voltage deviations. Although it is not currently implemented in IBGs except HVDC, this capability can help mitigate undamped power swing oscillations or act to shorten the decay time of damped power swing oscillations. Such mitigation of power swing oscillations following faults can change the critical area exchange or the maximum power transfer and therefore influence transient and short-term voltage stability.
On the other hand, if the loss of generation causes poorly damped power swing oscillations, POD plays an important role to ensure transient stability. Therefore, in the aforementioned case, and if POD is assumed to be implemented in IBGs, IBGs with POD should be modeled; otherwise, there is no need to model the POD.
For small disturbance angle stability analysis, protections and limiters are typically ignored when linearizing the dynamic model around the operating point. Therefore, the necessary functions for the small signal stability analysis are those for the large voltage deviation excluding protection related functions. For example, POD becomes necessary for small signal analysis when oscillation could be excited in a poorly damped system.
III. NECESSARY FUNCTIONS OF IBGS FOR UNINTENTIONAL ISLANDING
Because most of the functions are necessary for studies related to unintentional islanding, only the unnecessary functions are listed.
1) MAXIMUM POWER POINT TRACKING (MPPT)
Anti-islanding is most likely to be detected less than 2 or 3 seconds after the formation of an island. The MPPT reference varies depending on the change in solar radiation. In general, the change in the radiation is very slow and therefore MPPT is not assumed for examining anti-islanding detection.
2) VOLTAGE CONTROL BY MEANS OF ACTIVE POWER
Anti-islanding is most likely to be detected in less than 2 or 3 seconds after forming islanding. Voltage control by means of active power is generally triggered a few seconds after the voltage violation, say over 1.09 p.u. Therefore, before such control action, the islanding detection needs to be completed. In general, voltage control by means of active power is not assumed for examining unintentional islanding.
3) POWER OSCILLATION DAMPING (POD)
The POD is more likely to be associated with HVDC, mainly to improve the damping of power swing oscillations. Power swing oscillations generally occur between two groups of generators. Once the electrical island is established, at least one group of generators disappears in the islanded system and power swing oscillations no longer exist in the islanded network.
IV. CONCLUSIONS
All numerical models have their limitations. The identification of necessary functions for a specific dynamic behavior is the key to achieving realistic results. Modeling experts around the world, contributed to the CIGRE C4/C6.35/CIRED JWG and defined the necessary functions of IBGs, which should be considered in the models for studying specific power system phenomena. This paper extracted several major phenomena for power system dynamic studies with IBGs: i) frequency deviations, ii) large voltage deviations, and iii) small and long-term voltage deviations. To obtain appropriate simulation results for each type of power system dynamic study, the necessary functions of IBGs that should be implemented in the model, are defined and listed. Furthermore, the relationship between different power system phenomena and various types of power system dynamic studies is illustrated.
The required functions are classified into three categories: i) control, ii) protection, and iii) capability. Detailed clarifications of the necessity of each function is also provided. Generally, it can be concluded that the protection model needs to be more involved in many power system dynamic studies mainly because the operation of the protection could directly cause the disconnection of IBGs.
This guideline proposes dynamic models with associated functions that should be used for specific power system phenomena. The outlined recommendations in selecting the adequate model for IBGs are beneficial for both academia and industry. It should be noted that in some cases, secondary functions may also need to be modeled, even if not recommended in this paper.
The guideline proposed in this paper are expected to be reinforced in the future with additional experience in the operation of power systems including IBGs, new technical standards, revised grid code requirements, further research contributions, etc. In this context, the aggregation of distributed IBGs and its representation in power system dynamic studies, is crucial.
